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Abstract  
Copepod cultures have proven to be of increasing importance for aquaculture and ecotoxicology re-
search. It is therefore crucial to investigate how these cultures can be optimized. The present study 
investigates the interspecific competition between the calanoid copepod A. tonsa and the harpacticoid 
Tisbe sp. with focus on growth rates, carrying capacities and interspecific competition coefficients. 
Polycultures containing both A. tonsa and Tisbe sp. were compared to monocultures of the two spe-
cies. Tisbe sp. had a significant (p = 0.041) negative effect on the growth rate of A. tonsa in the 
polyculture. The difference in growth rate of Tisbe sp. and the differences in carrying capacities from 
mono- to polycultures for both species were not significant (p = 0.824 for r and p = 0.096 for the K’s). 
However, the results for A. tonsa indicated a lower density in the polyculture and the results for Tisbe 
sp. indicated a higher density in the polyculture. The high interspecific competition coefficient (α = 
3.069) for Tisbe sp.’s effect on A. tonsa indicates a strong negative influence. Combined with the 
interspecific competition coefficient of A. tonsa’s effect on Tisbe sp. (β = -0.019) it is suggested that 
the interaction is not a competition but rather Tisbe sp. predating (cannibalizing) on A. tonsa eggs and 
nauplii, resulting in an observed reduced density of A. tonsa in polyculture. 
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Introduction 
A certain amount of individuals, of the same species, which inhabit a certain area and have the ability 
to interbreed, defines a population (Brown, 1984; Krebs, 2009). Populations possess characteristics 
such growth, density, structure and dynamics (Sibly & Hone, 2002; Smith & Smith, 2012). Population 
size can be affected by a number of abiotic and biotic factors such as availability of food, density and 
competition (Krebs, 2009). Density can be an important intraspecific regulator for fitness, mortality 
and fecundity (Gergs et al., 2014; Smith & Smith, 2012). This dependency has been investigated in 
different calanoid copepods, which proved to be more sensitive to increasing densities, than other 
copepods species such as harpacticoids and cyclopoids (Drillet et al., 2011a; Ribeiro & Souza-Santos, 
2011). The negative effects of high densities are a product of competition for resources such as food 
and space and can increase the rate of cannibalism on early life stages (Camus & Zeng, 2009; Drillet 
et al., 2011a). Cannibalism and predation has been noted between copepod adults and younger life 
stages, and are facilitated by increasing densities (Camus & Zeng, 2009; Gallucci & Olafsson, 2007; 
Lee et al., 2013). This happens mainly when resources are limited and as noted has an important 
effect on growth and population development (Smith & Smith, 2012). In ENSPAC, Roskilde Univer-
sity cultivates monocultures of A. tonsa, in order to reaseach the organism and optimize culture tech-
niques for use in aquaculture industries (Drillet et al., 2011a; Jepsen et al., 2007; Peck & Holste, 
2006; Støttrup et al., 1986). It has continuously been observed that the Baltic harpacticoid copepod 
genus, Tisbe, contaminates the A. tonsa monocultures. Efforts to stop the contamination have so far 
failed. It is however unknown how and to what extent the presence of Tisbe sp. affects the A. tonsa 
population. A competition study between Tisbe sp. and A. tonsa can give some insight into the inter-
actions between the two species (Gause, 1932; Lee et al., 2013; Poulet, 1978). The present study will 
investigate the species interactions by monitoring separate monocultures of A. tonsa and Tisbe sp. 
and a polyculture containing both species. Understanding if these interactions are competitive is im-
portant for aquaculture in order to keep the A. tonsa population as optimal as possible (Drillet et al., 
2011a; Lee et al., 2013). Differences in population size and growth rate between A. tonsa in mono-
culture and polyculture as well as the interspecific competition coefficient will indicate whether Tisbe 
sp. and A. tonsa are competing for resources (Gause, 1932; Sibly & Hone, 2002; Smith & Smith, 
2012; Krebs, 2009). Also monitoring food consumption, population growth dynamics and population 
composition can help to elucidate the form of interspecific interaction (Lee et al., 2013). The experi-
ment was conducted with excess food and limited space (Drillet et al., 2011a; Peck & Holste, 2006). 
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The results from this competition experiment compiled with species interaction theories and 
knowledge from other relevant scientific research will answer the question of how the two species 
affect each other.  This leads us to the following problem formulation: 
How does the presence of Tisbe sp. influence the population of A. tonsa with regard to population 
growth rate and carrying capacity, and how does this influence manifest itself in the interspecific 
competition coefficient?   
Hypothesis 
From the above considerations, we put forward the following hypothesis: The presence of Tisbe sp. 
has an influence on the A. tonsa treatment population. The species affect each other differently re-
sulting in different growth rates and carrying capacities between mono-and polyculture. The expected 
competition will be observed in the interspecific competition coefficient.   
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Copepods 
Copepods play a key role in aquatic ecosystems due to their role as consumers and prey for higher 
trophic levels (Jefferson, 2004). With a globally growing aquaculture industry, the copepods not only 
serve as an important link in food webs, they also have an economic role (Drillet et al., 2011a; Pias-
ecki et al., 2004). In aquaculture copepods serve as a food source, especially for smaller fish and fish 
larvae (Piasecki et al., 2004). Some species also have undesired properties such as parasitism and 
cannibalism, and the control of copepod populations in the system is therefore a challenge (Boersma, 
2013; Piasecki et al., 2004).  
Acartia tonsa 
The calanoid A. tonsa is a marine pelagic copepod, that belongs to the family Acartiidae which con-
tains species common in estuaries and the neritic zone (Drillet et al., 2011a; Mauchline, 1998). A. 
tonsa is native in the indo-pacific region but is now a cosmopolitan present in many seas (Mauchline, 
1998). The species may owe its distribution to worldwide transportation by ballast water in ships 
(Mauchline, 1998). A. tonsa tolerates a range of salinities and has been found to thrive in salinities 
between 15 and 22 ‰ and some individuals survived in salinities below 1 ‰ and up to 72 ‰ (Cervetto 
et al., 1999). However, instant salinity changes over 10-15 ‰ increase mortality significantly (Cer-
vetto et al., 1999).   
In contrast to some other copepod orders (e.g. harpaticoida) most calanoid copepods, including A. 
tonsa, have developed a life history trait where the eggs are spawned into the water column instead 
of being attached to the female until hatching (Mauchline, 1998). This might be due to a lower pre-
dation of the eggs in the open water and a greater risk of predation on females carrying egg sacs 
(Webb & Weaver, 1988). Eggs laid in the open water are of several types. Subitaneous eggs normally 
hatch within a few days after spawning. When the environmental conditions become unfavorable, the 
subitanous eggs can enter a resting stage called quiescence. Diapause eggs on the other hand undergo 
a maternally determined refractory phase where embryogenesis is inhibited even if the environmental 
conditions are adequate (Drillet et al., 2008). Some diapause eggs have been tested to be viable even 
after 40 years in the sediment (Marcus et al., 1994). The production of diapause eggs is thought to be 
seasonal and factors such as shortening day length and lower temperatures can trigger the production 
of diapause eggs, but high population densities or food limitation can also be a determining factor 
(Drillet et al., 2011b; Mauchline, 1998). Certain eggs go through a gradual hatching over an extended 
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period; these are called delayed hatching eggs (Drillet et al., 2008). Nonsubitaneous eggs settle in the 
sediment (Mauchline, 1998). Through these different kinds of resting states, the copepods are able to 
cope with different kinds of unstable environments (Hansen & Drillet, 2013). 
In 15 oC it is estimated that A. tonsa produces 18-26 eggs female-1 day-1 (Mauchline, 1998). When 
producing eggs the most influential factor determining the quantity of eggs is the amount and quality 
of the available food (Mauchline, 1998). This is also a key factor in the maturation of the female 
ovaries (Mauchline, 1998). Adult copepods feed on particles in a size between 5 and 10 μm (Berg-
green et al, 1988; Mullin, 1980). When hatched, the copepod undergoes six naupliar stages and six 
copepodite stages before reaching adulthood with the exception of just a few species (Mauchline, 
1998). The development time of A. tonsa has been observed to be 10 days in 17 oC (Drillet et al., 
2006). Copepods of different species including species of Acartia have been demonstrated to feed on 
their own and other species eggs and nauplii with and without the presence of regular food sources 
(Boersma, 2013; Camus and Zeng, 2009). Cannibalism of A. tonsa on their own eggs has also been 
observed when the egg density is too high, but cannibalism was decreasing in the presence of alter-
native food sources (Drillet et al., 2014a). 
It is difficult to compare the population growth rate of a natural copepod population to that of a la-
boratory population (Mauchline, 1998). In nature breeding can be seasonal and results obtained from 
a laboratory culture can be affected by more constant supplies of food and generally more stable 
conditions (Mauchline, 1998). Calanoid copepods have shown to have a growth rate of 0.033 hour-1 
in experimental setups (VanderLugt et al., 2007). In cultures, A. tonsa can cope with a density up to 
600 ind. L-1, without a decrease in egg production (Jepsen et al., 2007) and reviewing other experi-
mental densities, they seem to vary between 50 and 600 ind. L-1 (Camus & Zeng, 2009).  
Tisbe Sp. 
The copepod genus Tisbe belongs to the copepod order Harpacticoida (Ribeiro & Souza-Santos, 2011, 
Johnson & Olson, 1948). Characteristic for the order is that they primarily are free-living marine 
organisms and many of the species are benthic (Kotwicki, 2002). In lagoons Tisbe sp. have been 
found to thrive in salinities between 20 and 37 ‰, whereas in marine environments they thrive in 
salinity between 34 and 36 ‰ (Fava & Fusari, 1990). They have a broad diet ranging from algae over 
bacteria and fungi to detritus and ground marine animals (Johnson & Olson, 1948; Pinto et al., 2001; 
Ribeiro & Souza-Santos, 2011). Harpacticoid copepod species have been observed to cannibalize on 
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their own and other related species’ eggs and first nauplii stages (Gallucci & Olafsson, 2007). This 
has been shown to be density dependent as increasing encounters between adults and early life stages 
increased mortality due to cannibalism (Lazzaretto & Salvato, 1992). Gallucci & Olafsson (2007) 
argue that cannibalism happens in presence of abundant food but is a mean to acquire valuable nutri-
ents when fed with monoculture algae. The same study shows that adults can eat up to 81% of the 
first two nauplii stages in the presence of other food items and is thought to be a strategy to cope with 
naturally fluctuating food availability and quality (Gallucci & Olafsson, 2007).     
The growth rate of Tisbe sp. has been noted to be 0.11 day-1 (Ribeiro & Souza-Santos, 2011). A broad 
investigation by Camus & Zeng (2009) showed that the densities of Tisbe species can range from 
8,000 to 20,000 ind. L-1. The growth pattern of harpacticoid copepods seems to follow a logistic 
pattern of a fast increase in population in the start of an experiment followed by a rapid decline in 
density (VanderLugt & Lenz, 2008). Compared to calanoid copepods, harpacticoid copepods can be 
reared in higher densities (Ribeiro & Souza-Santos, 2011). 
The generation time of Tisbe sp. has in Pinto et al. (2001) been observed to be 12.2 days. In this 
culture the growth rate was 0.49 day-1. Tisbe sp. matures at 4.2 days of age and has its first brood at 
day 7.6±0.5. Both female and male lifespan is about one month (Pinto et al., 2001). Harpacticoid 
copepods carry their eggs in egg sacs (Mauchline, 1998). There can be a large variation in the number 
of eggs per sac in Tisbe sp. (Guerin, 2001). Investigating the number of eggs per egg sac, Johnson & 
Olson (1948) found it to be between 29 and 82. The average number of eggs was 42.9 eggs sac-1. In 
another study of the effects of different diets on Tisbe sp. population dynamics, there was found to 
be between 3 and 133 eggs sac-1 (Guerin, 2001). Nauplii of Tisbe sp. have been observed to hatch 
directly from the egg sac of the mother and new egg sacs are produced two days after hatching (Pinto 
et al., 2001). Tisbe sp. reproduction is affected by temperature (Zaleha, 2012). Temperatures of less 
and higher than 19 oC and have been shown to result in a decreased amount of offspring and egg sacs 
(Zaleha, 2012). Harpacticoid copepods do not tolerate anaerobic conditions (Kotwicki, 2002). Egg 
carrying copepod species might save the eggs from possible anoxic conditions at the bottom by car-
rying them away from such areas (Jefferson, 2004).  
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Species Interactions 
A species is the smallest distinct entity of individuals that have the same ancestry and descent while 
being able to produce viable offspring (Hickman et al., 2011). In nature, copepods are not isolated 
and solely utilizing a resource but have competition from other species (Poulet, 1978). Copepods in 
nature experience intra- and interspecific competition for resources and avoidance as prey (Lee et al., 
2013; Möllmann et al., 2004; Turner, 2004). Often two species compete for the same food resource 
and one is better at obtaining it than the other (Lee et al., 2013; Poulet, 1978). This leads to reduced 
fitness and growth for the population of the species that has a disadvantage collecting the food and 
can ultimately change its feeding strategy. In the long term this can cause character displacement of 
a species, which means they permanently change their food type. Character displacement has been 
thoroughly studied in fish (Jonsson & Jonsson, 2001; Museth et al., 2010). Interspecific interactions 
are often grouped into categories which are described in the following compilation from Krebs (2009) 
and Smith and Smith (2012):  
 Neutral interaction means that the species sharing a system have no measurable effect on one 
another.  
 Mutualism explains the situation where both of the species are benefiting from one another, 
meaning they each have a positive effect on both of the species populations.  
 Commensalism describes a situation where only one species benefits from the interaction but 
the other is not stressed by the presence of the first. 
 Amensalism is the opposite of the previous interaction and in this case the first species has a 
negative effect on the second while the second has no effect on the first.  
 Predation and parasitism is negative for one but beneficial for the other. The predator and the 
parasite are exploiting the prey and host species.  
 Competition is the situation where both species are competing for the same resources. This, 
most of the time, has a negative effect on both species. 
Natural habitats have a heterogenous resource distribution. In such habitats, Acartia sp. tends to seg-
regate into populations, utilizing a preferred resource niche and thereby partly avoiding competition 
(Lakkis, 1994). In laboratory conditions, competition between copepod species can be investigated 
in a homogenous environment in which one factor of interaction can be investigated at a time. The 
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direction of recent research has been in pursuit of optimizing copepod population densities for aqua-
culture use and ecotoxicology research (Drillet et al., 2011a; Kulkarni et al., 2013; Peck & Holste, 
2006). Among others, these approaches have included pelagic Acartia sp. (Mauchline, 1998; Peck & 
Holste, 2006), harpacticoid benthic species (Ribeiro & Souza-Santos, 2011) and mixed populations 
of copepods (Lee at al., 2013). In this experimental investigation this trend of optimal conditions and 
limited space for the populations is continued. The limited space will not only give an indication of 
interspecific interactions but also reveal intraspecific competition when the species is reared alone 
(Camus & Zeng, 2009). The intraspecific competition is an important regulating factor in population 
dynamics (Drillet et al., 2011a; Peck & Holste, 2006). High population density will inevitably result 
in physical, sometimes aggressive interactions between the individuals, which reduce the fitness and 
growth rate of the population due to stress and cannibalism (Drillet et al., 2014a; Gergs et al., 2014; 
VanderLugt & Lenz, 2008). Cannibalistic behavior occurs even in the presence of abundant food 
items and is estimated to account for 30 % of the mortality in early life stages in North Sea copepod 
populations (Boersma, 2013; Drillet et al., 2014a; Hada & Uye, 1991). Density related stress could 
reduce the fecundity of a species (Schreck et al., 2001) in copepod cultures, which is often noted as 
a decrease in egg production (Peck & Holste, 2006). To calculate the effects of interspecies interac-
tions, growth and competition models have been made (Smith & Smith, 2012). 
Populations 
Population size counted as the number of individuals is referred to as the population abundance 
(Smith & Smith, 2012). The abundance is determined from two factors; the density of the population, 
which is the number of individuals of the population per area of distribution, and the area in which 
the species is distributed (Brown, 1984). This relation can conceptually be described as: 
𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑠𝑖𝑧𝑒 = 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 × 𝑎𝑟𝑒𝑎 (Smith & Smith, 2012). In pelagic populations, the spatial dis-
tribution is measured in volume since the individuals occupy the three dimensional space of the water 
column (Drillet et al., 2011). The change in population abundance can be determined by the growth 
rate (Sibly & Hone, 2002). This rate is the sum of individuals entering the population by birth and 
immigration subtracted the loss of individuals due to death and emigration over a period of time 
(Smith & Smith, 2012). Laboratory conditions prevent emi- and immigration and thus the population 
is considered closed (Pearl, 1927). In populations with overlapping generations meaning the species 
does not have a single annual breeding but a continuous breeding season (Krebs, 2009), the growth 
rate can be described as follows: the birth rate (b) determines how many new individuals enter the 
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population and the death rate (d) determines how many leave the population, over time (Krebs, 2009). 
Since b and d at any given time point are constants we can combine those to r = b-d where r is the 
growth rate per capita (Krebs, 2009).  
The change in population size can be described by the following equation: 
∆𝑁
∆𝑡
= 𝑟 × 𝑁(𝑡)                                                                (1) 
Where ꕔN is the population size change during the time change, ꕔt. As defined above, r is the growth 
rate and N(t) is the population size at time t. The relation is 
∆𝑁
∆𝑡
 which denotes the slope of the growth 
curve (Smith & Smith, 2012). Since this is an exponential function meaning the angle of the slope 
differs in relation to which time interval is chosen, the change in population size at any given instant 
can be calculated by the derivative of eq. 1 (Smith & Smith, 2012):  
𝑑𝑁
𝑑𝑡
= 𝑟 × 𝑁     (2)  
The transformation from eq. 1 to 2 includes the notion that the time interval ꕔt from eq. 2 approaches 
0. In many cases the population size or density at a given time is of interest (Camus & Zeng, 2009; 
VanderLugt & Lenz, 2008). The population size dependent on time can be found by integrating eq. 2 
(Smith & Smith, 2012):  
𝑁(𝑡) = 𝑁(0) × 𝑒𝑟×𝑡     (3) 
Where N(0) is the population size at t = 0 and e is the base of the natural logarithm (Smith & Smith, 
2012). This exponential function results in a growth curve like the one in red seen on figure 1 (page 
14).  
Page 14 of 53 
 
 
Figure 1. An exponential growth curve and a logistic growth curve of the population size over time. The dashed line is 
the carrying capacity (Courtesy of Boundless, 2015).  
In other cases, it is of interest to estimate the growth rate (r) of a population kept in optimal growth 
conditions (Peck & Holste, 2006; VanderLugt & Lenz, 2008). When studying the growth rates an 
experiment would start with a known population size at time zero (N(0)). By rearranging eq. 3 (page 
13) to isolate the growth rate we get: 
𝑟 =
ln(𝑁(𝑡))−ln (𝑁(0))
𝑡
    (4) 
By measuring the population size at time point t and knowing the starting point of the population size, 
the intrinsic growth rate for that population can be found when the chosen time interval is under 
limitless growth conditions.  
The intraspecific competition for space and food among the individuals of a population and the re-
sulting reduced fitness of each individual leading to less offspring and higher mortality has not yet 
been accounted for in the growth model. It has been shown experimentally that a system has a maxi-
mum numbers of individuals it can sustain, and data from such experiments result in a growth curve 
with the shape of a logarithmic curve (Hall, 1964). To consider this in the growth analysis of the 
population a carrying capacity (K) of the system is implemented in eq. 2 (page 13). This K is the 
maximum size the population can sustain itself in the given system (Krebs, 2009). At low densities 
K has little effect but as a population approaches the K-value of the system it will have a larger effect 
on the population growth. The following expression explains this concept mathematically: 
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          (
𝐾−𝑁
𝐾
)     (5) 
This expression is also called the unrealized population growth potential and when combined with 
the equation for exponential growth eq. 2 (page 13) we get (Krebs, 2009):  
𝑑𝑁
𝑑𝑡
= 𝑟 × 𝑁 × (
𝐾−𝑁
𝐾
)    (6)  
Examining this expression shows that at a low population density compared to K (N<<K) the carrying 
capacity’s effect on the population growth (dN/dt) is very small. On the other hand when the popula-
tion size (N) approaches the carrying capacity the growth of the population will be greatly reduced 
since eq. 5 will be close to zero reducing the growth in eq. 6 to almost zero. To find the logistic growth 
function that expresses population size as a function of time eq. 6 is integrated to (Smith & Smith. 
2012):  
𝑁(𝑡) =
𝐾
1+
𝐾−𝑁(0)
𝑁(0)
×𝑒−𝑟×𝑡
     (7) 
The K-value for an experimental setup can be estimated for a mono- and polyculture. Finding the K-
value for A. tonsa and Tisbe sp. in monoculture and then comparing those values to the K found in 
polyculture is a part of this experimental approach. This will give an estimation of the effect of inter-
specific competition.  
However, living organisms do not follow simple mathematical equations perfectly and this is also 
why, experimentally, time lags are observed resulting in an oscillation of the population size around 
the K-value as opposed to a smooth plateau as can be seen on figure 2 (page 16) (Krebs, 2009; Lee 
et al., 2013). This can be because natural systems do not always respond instantaneously to changes 
due to generation shifts and life history traits (Smith & Smith, 2012). The common observation is an 
overshoot followed by a lowering in population size which is also observed in Daphnia (Pratt, 1943).  
So far intraspecific complications of growth have been introduced but a part of this investigation is 
the interspecific interactions of the A. tonsa and Tisbe sp. Alfred Lotka and Vito Volterra suggested 
that the species interaction could be described as reduced carrying capacity of the system and de-
scribed it with the Lotka-Volterra equation (Smith & Smith, 2012): 
𝑑𝑁1
𝑑𝑡
=
𝑟1×𝑁1×(𝐾1−𝑁1−𝛼𝑁2)
𝐾1
     (8) 
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N1 is the population size of species 1, r1 the growth 
rate of species 1, K1 the carrying capacity of species 
1, α is the per capita influence of species 2 on spe-
cies 1 and N2 is the population size of species 2. 
From this equation one can see that species 2 is 
changing the effect of the carrying capacity of the 
system on species 1. When α is positive species 2 
has a negative effect on species 1, while if it is neg-
ative it has a positive effect. In this case it is reduc-
ing the unrealized population potential which leads 
to lower maximum population size of species 1 and 
a slower growth (
𝑑𝑁1
𝑑𝑡
). This formula can be ex-
tended to include more species and can be written for species 2 in regards to species 1 thereby finding 
the effect of species 2 on 1 (β). From this, it becomes clear that the carrying capacity of the system 
does not change but the combined species density regulated by α changes. When analyzing an inter-
action between two species with the Lotka-Volterra equation, one of the species has a smaller effect 
(α) on the other and it comes naturally to think that the less favored species will be outcompeted. This 
is termed the competitive exclusion principle and is true for complete competitors, which means they 
have precisely the same biological requirements (Smith & Smith, 2012). This is almost never true in 
natural ecosystems with changing biotic and abiotic factors (Lakkis, 1994). In copepods in a labora-
tory experiment, a balance between species will often be established as seen in figure 2 with Paracy-
clopina nana, Apocyclops royi being pelagic and Tigriopus japonicus, a benthic species. From this 
figure, it can be seen that the three species can coexist even though they are limited on space.  
To obtain data for such modeling, samples or observations of a population are made. Subsamples of 
a population are taken when the method of sampling is destructive, which means the sampled indi-
viduals do not survive and are not returned to the original population. This removal of individuals is 
noted as mortality. According to Breteler et al. (2004), sample mortality can be corrected for by mul-
tiplying the observed population by a factor calculated by the following expression:  
𝑉(𝑛−1)
(𝑉−𝑣1)×(𝑉−𝑣2)×…×(𝑉−𝑣(𝑛−1))
    (9) 
Figure 2. Growth of three copepod species; P. nana, A. 
royi and T. japonicus coexisting in the same treatment 
over time (Courtesy of Lee et al., 2013). 
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Where V is the volume in which the whole population resides, v is the volume sampled from V and 
n is the number of subsamples made. From a uniform population distribution, the subsampled density 
can then be extrapolated to the whole population and the density of the population can be calculated. 
Knowing the density and the volume of the water the population inhabits, it is possible to calculate 
the population size.   
Changes in population dynamics like population composition, sex ratios, fecundity and species fitness 
will influence the difference between actual observed N(t) and the N(t) expected by population mod-
eling (Camus & Zeng, 2009; Gergs et al., 2014; Krebs, 2009). 
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Methods 
Cultures 
Tisbe sp. and A. tonsa were cultivated in 60 L polyethene tanks filled with 0.2 µm filtered seawater 
(around 30-45 L) with a salinity of 35.5 ‰. The A. tonsa culture originated from DTU-AQUA (iden-
tity code: DFH.AT1, Støttrup et al., 1986) and the Tisbe species was found contaminating the A. tonsa 
cultures at ENSPAC (this species is henceforth referred to as Tisbe sp.). Pictures taken of the two 
species can be found in appendix A. Non-toxic filter sheets were added to the Tisbe sp. bucket to 
provide substrate for the benthic animals. The tanks were provided with aeration and covered with 
lids to keep the content dark to promote reproduction (Matias-Peralta et al., 2005). The cultures were 
kept at a temperature of 17-20 °C. Similar water conditions were used in Drillet et al. (2006). 
The copepods were fed with 1.5 L Rhodomonas salina algae solution every day. The tanks were 
cleaned as needed by siphoning water and algae via rubber tube through three filters, 70, 100 and 200 
µm to catch each of the copepod life stages (Hansen et al., 1994). The filters were each rinsed with 
pressurized salt water and the copepods were returned to the tanks. The water in the tanks was re-
plenished as needed. 
The cultivation of R. salina took place under UV light in a round-bottomed flask filled with 0.2 µm 
filtered autoclaved salt water (salinity of 35.5 ‰). Nutrients were added to the algae according to the 
F2 medium specifications by Guillard & Ryther (1962). New nutrients were added to the algae every 
other day and diluted as needed with autoclaved salt water.  
Experimental setup  
The experiment was conducted in nine 2 L, transparent, acid washed plastic bottles. The exact volume 
of the bottles when filled up completely was measured to be 2,425 mL. This was measured in order 
to calculate the concentrations of algae in each bottle and to know the exact volume the populations 
are restricted to. The bottles were filled halfway with autoclaved saltwater filtered at 0.2 µm and algae 
was added to each bottle in order to reach the concentration of minimum 20,000 algae cells mL-1 
when the bottles were filled up completely. This concentration assured that the food would be in 
excess and therefore not a limiting factor (Drillet et al., 2006).  
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160 copepods were added to each bottle, 80 adults and 80 juveniles. Juveniles included both cope-
podites and nauplii. Three bottles were filled with A. tonsa, three with Tisbe sp. and three with an 
even mixture of both species (40 juveniles and 40 adults of each species). This was done to maintain 
the same initial density in all of the bottles. The bottles were then filled completely, and the pH level, 
salinity and oxygen content were measured. Any air bubbles were eliminated by sealing the bottles 
with stretch film before closing. The bottles were strapped onto a plankton wheel (rotation speed of 
around 2.5 m min-1) in order to keep the algae in suspension. The wheel was placed under constant 
light to be sure that the algae are producing oxygen by photosynthesis.  
The algae concentration in each bottle was measured every day using a Coulter Counter (Beckman 
Coulter: Multisizer 4e Coulter Counter). The samples for this were obtained through a 15 µm filter 
(Hansen et al., 1994) to prevent any copepods and eggs from being removed from the treatments and 
measured in the Coulter Counter. The measurement took into account particles between 5-10µm as 
this is the assumed algae size for the copepods to feed on (Berggreen et al., 1988; Mullin, 1980). The 
algae were replenished and the bottles were topped up with 0.2 µm filtered salt water after each sam-
pling. The water in the bottles was not exchanged more than this to avoid disturbing the copepod 
populations except when subsampling.  
After 120 hours, the bottles were sampled in regular intervals approximately every 48 hours. The 
sampling was done by shaking the bottles vigorously and taking out 10 mL with a tilt dispenser. 
Subsampling was done in order to extrapolate and estimate the size of the population treatments and 
later determine growth rates and carrying capacities of the setup. The obtained 10 mL from each 
treatment were placed in individual petri dishes and stained with Lugol, which stains proteins to make 
the copepods more visible and kill them. The copepods were counted according to species. The ex-
periment was terminated after 37 days (886 hours) after which the total number of copepods in each 
treatment was counted. 
Data handling 
Sampling mortality 
Individual copepods were continuously removed from the treatments due to subsampling. This caused 
mortality to the cultures, as the removed individuals could not contribute to the population growth in 
the remaining experimental timespan. We considered this in our data processing by applying the 
equation (Breteler et al., 2004): 
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𝑁𝑚𝑜𝑟𝑡. = 𝑁 × (
𝑉𝑛−1
(𝑉−𝑣1)×(𝑉−𝑣2)×...×(𝑉−𝑣𝑛−1)
)  (10) 
Where Nmort. is the estimated number of individuals per bottle after accounting for sampling mortality, 
N is the estimated number of individuals per bottle calculated from the observed number in the sub-
sample, V is the volume of the bottle, v is the volume of the subsample and n is the number of the 
sample. As our experiment only has one subsample volume (10 mL), the equation can be simplified 
to: 
𝑁𝑚𝑜𝑟𝑡. = 𝑁 × (
𝑉𝑛−1
(𝑉−𝑣)𝑛−1
)    (11) 
Data plotting, growth rate and carrying capacity 
The data was plotted as the mean total number of copepods (juveniles and adults) counted in each 
treatment against time after estimating the total number of copepods in bottle considering individuals 
removed during the experiment. The samples are assumed to be scalable and representative of the 
treatment population.  
The carrying capacity for each species was calculated by finding the K-value for each replica and 
taking the mean of these. The samples used to find the K-value in each replica were selected on the 
criteria that they oscillate around a common mean and are not including the points in the growth phase 
and any obvious outliers. The mean of these values was calculated as the carrying capacity. The 
population growth rate was calculated using eq. 4 (page 14). 
Statistics 
The main goal of this experiment was to investigate growth rates and carrying capacities of the treat-
ment populations therefore these were the values we investigated statistically. The K-value from a 
monoculture was comprised of triplicate treatments and the chosen samples from each replica made 
up the replica pool. The three replica K-values of the A. tonsa monoculture population were compared 
statistically with the three replica of the Tisbe sp. monoculture population. Moreover the A. tonsa and 
Tisbe sp. monoculture K-values were compared with their respective K-values in polyculture. Similar 
analysis was done with the growth rate. The growth rate was found for each replica in a treatment. 
Then these three r-values were statistically compared between the two species and between mono- 
and polyculture for each species. The data was first analyzed to be normally distributed and have 
equal variance after which the populations were compared with an unpaired two-tailed student’s t-
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test. This statistical tool could be used since the samples were independent of each other. The result 
from this test will show if there is a significant difference between the means of the K- and r-values 
respectively for the species.          
Interspecific competition 
The interspecific competition was described using the coefficient α, by isolating α from the Lotka-
Volterra interspecific competition equation (Gause, 1932): 
𝛼 =
𝐾1+
𝑑𝑦1
𝑑𝑥
×𝐾1
𝑏1𝑦1
−𝑦1
𝑦2
    (12) 
α describes the interspecific competition of species 2 on species 1 per capita of species 2. In our case 
this is the effect of an individual of Tisbe sp. on the size of the A. tonsa treatment population. When 
calculating the effect of an individual A. tonsa on the Tisbe sp. population the same equation was 
used but the interspecific competition coefficient is called β. K1 is the carrying capacity of species 1 
in a monoculture, 
𝑑𝑦1
𝑑𝑥
 is the population growth of species 1 in a polyculture at a given point in time, 
b1 is the growth rate of species 1 in a polyculture and y1 is the population size for species 1 where y2 
is the population size of species 2 in a polyculture at a given point in time. 
In this study the competition was described at a stage in the population development where the pop-
ulation growth (
𝑑𝑦1
𝑑𝑥
)  was zero, in other words where the population had reached its carrying capacity, 
K1. Therefore we can simplify eq. 12 to the following equation: 
𝛼 =
𝐾1−𝑦1
𝑦2
     (13) 
Only describing the population size at this stage, the y-value equals the K-value of the polycultures. 
Adapting eq. 13 to this study yields the following: 
𝛼 =
𝐾𝐴.𝑡𝑜𝑛𝑠𝑎𝑚𝑜𝑛𝑜.−𝐾𝐴.𝑡𝑜𝑛𝑠𝑎𝑝𝑜𝑙𝑦.
𝐾𝑇𝑖𝑠𝑏𝑒 𝑠𝑝.𝑝𝑜𝑙𝑦
   (14) 
𝛽 =
𝐾𝑇𝑖𝑠𝑏𝑒 𝑠𝑝.𝑚𝑜𝑛𝑜.−𝐾𝑇𝑖𝑠𝑏𝑒 𝑠𝑝.𝑝𝑜𝑙𝑦.
𝐾𝐴.𝑡𝑜𝑛𝑠𝑎𝑝𝑜𝑙𝑦
   (15) 
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α describes the effect of Tisbe sp. on A. tonsa pr. individual of Tisbe sp. β describes the influence of 
A. tonsa on Tisbe sp. per individual of A. tonsa. 
𝐾𝐴.𝑡𝑜𝑛𝑠𝑎𝑚𝑜𝑛𝑜 is the carrying capacity of A. tonsa in a monoculture, and 𝐾𝑇𝑖𝑠𝑏𝑒 𝑠𝑝.𝑚𝑜𝑛𝑜.is the carrying 
capacity of Tisbe sp. in a monoculture. 𝐾𝑇𝑖𝑠𝑏𝑒 𝑠𝑝.𝑝𝑜𝑙𝑦 and 𝐾𝐴.𝑡𝑜𝑛𝑠𝑎𝑝𝑜𝑙𝑦 are the carrying capacities of A. 
tonsa and Tisbe sp. in polycultures, respectively. 
Conceptually it describes the difference in carrying capacity for species 1 in mono- to polyculture 
divided by the number of individuals of species 2 responsible for the difference. This gives a per 
capita influence of species 2 on species 1.  
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Results   
Growth patterns and carrying capacities 
The three experimental treatments, A. tonsa monoculture, Tisbe sp. monoculture and polyculture were 
conducted in triplicate. The raw data which is the basis for the following graphic display can be found 
in appendix B. The first sample was made after day 5 (120 hours) after the experimental start and the 
experiment was terminated after 37 days (886 hours). From each sample count (10 mL), the whole 
treatment population was calculated. To the scaled treatment size the equation for sampling mortality 
(eq. 11, page 20) was applied. The combined means of the triplicates are displayed graphically in 
figure 3, 4 and 5. 
Figure 3. The mean treatment population size of the three replicas of the A. tonsa monocultures is plotted as individuals 
with respect to time from the start of the experiment (red dots). Error bars are standard deviations of the mean. The dashed 
red line is the calculated carrying capacity K for the A. tonsa culture. 
Figure 3 exhibited an increase in growth rate after the first two samples, peaking at 7,679 individuals 
after 18 days (430.5 hours). After the peak the treatment population size slowly declines until day 24 
(573 hours), after which the treatment population size starts oscillating around the carrying capacity 
of the system. The sample mean at day 35 (836.5 hours) is regarded by the statistical program SPSS 
(IBM, SPSS Statistics 22) as a statistical outlier. The K-value was found to be at 5,673 individuals 
with and SD of 1,454.9. 
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Figure 4. The mean treatment population size of the three replicas of the Tisbe sp. treatment is plotted as individuals with 
respect to time since the start of the experiment (purple dots). Error bars are standard deviation of the mean. The dashed 
purple line is the calculated carrying capacity K for the Tisbe sp. culture. 
In figure 4, there is almost no growth noted until 6 days (144 hours) into the experiment and the 
population size is peaking after 9 days (216.57 hours) with 2,748 individuals. After that a graduate 
decrease in population size was noted which establishes a small plateau at day 18 to 22 (430.5 to 528 
hours) after which a sudden drop occurs at day 24 (573 hours). After that point the population size 
stayed relatively low until the end of the experiment. The sample at day 14 (334.5 hours) is considered 
a logical outlier since it is very much out of the population growth pattern. The K-value was calculated 
to be 437 individuals with and SD of 161.4. 
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Figure 5. Polyculture treatments where the blue dots are A. tonsa and the green dots are Tisbe sp. The figure shows 
treatment population size with regard to experimental time. The dots are the mean of the triplicates for each sampling and 
the error bars are the standard deviation. The blue dashed line is the carrying capacity for A. tonsa and the green dashed 
line is the carrying capacity for Tisbe sp. in the polyculture.  
In figure 5 the treatment population size of A. tonsa is gradually rising until reaching a peak at 5,335 
individuals after 20 days (477 hours) then decreasing steeply. After this drop the treatment population 
size oscillates around the calculated K-value for A. tonsa. The K-value is 3,381 individuals with an 
SD of 345.7. The treatment population size of Tisbe sp. grows slowly and steadily to a peak at day 
18 (430.5 hours) after experimental start, after which it declines with rather little oscillation around 
the calculated K-value. The value of K was found to be 746 individuals with an SD of 152.33. 
Comparing the monoculture results from the two species it is noted that A. tonsa has a higher carrying 
capacity than Tisbe sp. When comparing the monocultures with polyculture it is also observed that, 
the K-value for A. tonsa is reduced in polyculture with Tisbe sp., whereas Tisbe sp. has a higher K-
value in polyculture with A. tonsa than in monoculture. 
Growth rate  
The growth rate was calculated for each species in each of the triplicates after which a mean growth 
rate was found and displayed in table 1 (page 26).   
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Table 1. Treatment population growth rate and carrying capacity and their respective standard deviations for monocultures 
and polyculture of A. tonsa and Tisbe sp. The unit of the r-value is hour-1, while the unit of K is number of individuals. 
 Growth rate 
(r) [hour-1] 
Standard devi-
ation [hour-1] 
Carrying capac-
ity (K) [Ind.] 
Standard de-
viation [Ind.] 
A. tonsa 
(mono) 
0.0177  0.0005  5673  1454.8 
Tisbe sp. 
(mono) 
0.0127  0.0025  437  161.4  
A. tonsa 
(poly) 
0.0138  0.0028 3381 345.7 
Tisbe sp. 
(poly) 
0.0113  0.0036  746 186.6 
 
In table 1, the growth rate is highest for A. tonsa in monoculture and lowest for Tisbe sp. in the 
polyculture. The growth rate of the Tisbe sp.monoculture is slightly higher than the growth rate of the 
polyculture. This is also true for the growth rate of A. tonsa in mono- and polyculture. The table 
shows that A. tonsa generally has the highest growth rate and Tisbe sp. the lowest one for both treat-
ments. 
Table 2. A summary of the statistical significance (p) of the differences between the r- and K-values for each species in 
mono- and polyculture (α = 0.05).  
 p-value of diffference between: 
 A. tonsa (mono) and Tisbe 
sp. (mono) 
A. tonsa (mono) and A. 
tonsa (poly) 
Tisbe sp. (mono) and 
Tisbe sp. (poly) 
p(K) 0.007 0.096 0.096 
p(r) 0.03 0.041 0.824 
 
The significance of the difference in K- and r-values as displayed in table 2 show that the population 
of A. tonsa and Tisbe sp. are following very different growth patterns since both values are signifi-
cantly different from each other (p = 0.007 and p = 0.3, respectively). From table 1 it is seen that A. 
tonsa’s r- and K-values are higher than Tisbe sp.’s. in both cases. From table 2 it is also seen that the 
growth rate is significantly smaller when comparing A. tonsa monoculture to the polyculture. In ad-
dition, the K-value is greatly reduced in the same comparison but the p-value is slightly higher (p = 
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0.096) than the statistically significant cut off at p = 0.05. The Tisbe sp. culture is also experiencing 
change in K-value but in this case the increase from mono- to polyculture is also not significant (p = 
0.096). The little change in the same comparison in r-value is not statistically noteworthy. 
A model of the treatment populations was made by plotting the r- and K-values in eq. 7 (page 15).  
Figure 6. The modeled treatment population growth for each treatment population. The K- and r-values for each treatment 
population from table 1 (page 26) are inserted in eq. 7 (page 15) to describe the function for the graphs.  
Figure 6 is the modeled growth and does not fully describe a natural treatment population growth, but 
some trends can be seen. One of these is the large difference in population growth in the start of the 
experiment (13 days (312 hours)) especially between the A. tonsa monoculture and polyculture. In 
the two Tisbe sp. treatments the steeper growth curve of the monoculture is after a few days leveled 
out by its carrying capacity, which was lower compared to polyculture. 
The interspecific competition coefficient 
From the difference in carrying capacities, it is possible to calculate the per capita effect of Tisbe sp 
on A. tonsa and vice versa. The Lotka-Volterra equation for interspecific effects was employed (eq. 
14 & 15, page 21). The results can be seen in table 3 (page 28).  
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Table 3. The interspecific competition coefficients, where α shows the effect Tisbe sp. has on A. tonsa, and β is the effect 
A. tonsa has on Tisbe sp.  
α β 
3.069 -0.019 
The α-value was found to be 3.069 when regarding Tisbe sp.’s influence on A. tonsa. This means that 
for each individual Tisbe sp. present in the polyculture the carrying capacity of A. tonsa is reduced 
by α, having a negative effect on the A. tonsa treatment population. Calculating the β-value for the 
effect of A. tonsa on Tisbe sp. we get -0.019, which translates into A. tonsa having a smaller effect 
per capita on Tisbe sp., but here the negative interspecific competition coefficient describes a positive 
effect. This is because if one is to implement a negative β in eq. 15 (page 21) the carrying capacity 
for the affected species is actually increased. Therefore A. tonsa has a small but positive effect on the 
carrying capacity of Tisbe sp. 
Figure 7. Comparison of A. tonsa in mono- and polyculture where red points are monoculture and blue are polyculture. 
The dots are the mean of the triplicates for each sampling and the error bars are the standard deviation. The red dashed 
line is the carrying capacity for monoculture and the blue dashed line is for polyculture. 
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In figure 7 when comparing the growth curve of A. tonsa in mono- to polyculture, the latter has a 
slower initial growth rate and a later peak in treatment population size compared to monoculture. 
After the peak, the polyculture population oscillates at a higher frequency than in monoculture.  
 
Figure 8. Comparison of Tisbe sp. in mono- and polyculture where purple dots are monoculture and green dots are poly-
culture. The dots are the mean of the triplicates for each sampling and the error bars are the standard deviation. The purple 
dashed line is the carrying capacity for monoculture and the green dashed line is the carrying capacity for polyculture.  
In figure 8 when comparing the growth curve of Tisbe sp. for mono- and polyculture, the latter has a 
slower initial growth rate and a later peak in treatment population size compared to monoculture. 
After the peaks, both treatments decrease in size, however the carrying capacity in polyculture ends 
at a higher plateau than monoculture.  
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Final count 
After the experiment was terminated, the total number and life stage composition of each of the treat-
ments were counted. 
Table 4. The final total number of individuals counted of each species in mono- and polycultures including eggs and egg 
sacs where all three treatments were added together. In addition, the numbers from the last subsampling made on the same 
day were added. The column “Total from last sample” is the extrapolated number of individuals from the last sampling 
on the termination day and is not corrected for sampling mortality. The total number of individuals does not include the 
eggs. 
 
Table 4 shows the final count conducted when the experiment was terminated. The numbers represent 
the content of all three replicas added together. A. tonsa eggs were counted individually while Tisbe 
sp. eggs were counted as egg sacs. The total number of individuals does not include the eggs, and is 
directly comparable with the number of individuals found in all the replicas of the last subsample 
taken when added together. The general trend showed that A. tonsa has a higher amount of adults and 
eggs than juveniles, while Tisbe sp. is composed of more juveniles than adults.   
 
From the final count, we can see whether or not the sub-sampling method produced samples repre-
sentative of the whole population. This can be done by comparing the last subsample and the final 
count, which were taken on the same day. The numbers found in the final count differed from the 
subsample with varying degrees, such as overestimating the size of the population, for example in A. 
tonsa monocultures, where the estimated total number of copepods from the last subsample was 
22,067 individuals (all three bottles added together), while in reality the bottles contained 8,130 co-
pepods in total. This trend also repeats itself in the polycultures for A. tonsa where the respective 
estimated and actual numbers are 11,882 and 5,698 individuals. For Tisbe sp., however, the sampling 
underestimates the number of copepods in the treatments, such as in the monoculture where an esti-
mated number of 970 copepods was found in the last sample compared to the 1,224 individuals in the 
 Total adults Total juveniles Total ind. Total from last sample Total eggs/egg sacs 
A. tonsa 
(mono) 
6,514 1,616 8,130 22,067 6,321 
Tisbe sp. 
(mono) 
167 1,057 1,224 970 75 
A. tonsa 
(poly) 
4,130 1,568 5,698 11,882 8,035 
Tisbe sp. 
(poly) 
1,349 1,762 3,111 2,425 389 
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treatment population. This was also the case in the polycultures where the estimated number was 
2,425 individuals and the actual number was 3,111 individuals. 
 
Table 5. The percentage distribution of the three life stages (adults, juveniles and eggs) in each species treatment counted 
and calculated after termination. Johnson & Olson (1948) propose an average number of eggs per sac (42.9 eggs sac-1) 
which is used to estimate the amount of eggs of our Tisbe sp. in the final count. This is used to calculate the percentage 
of Tisbe sp. eggs in the distribution of the life stages. The percentage was calculated by dividing the number of individuals 
in each life stage with the total number of individuals from that treatment. 
 
  Adults [%] Juveniles [%] Eggs [%] 
A. tonsa (mono) 
45 11 44 
Tisbe sp. (mono) 
4 24 72 
A. tonsa (poly) 
30 11 59 
Tisbe sp. (poly) 
7 9 84 
  
Table 5 shows the percentage distribution between the different life stages present in the treatments. 
It can be seen that A. tonsa generally has a higher number of adults and eggs compared to juveniles. 
This result is similar in mono- and polycultures. In Tisbe sp. however, there is a high number of 
juveniles compared to adults in monoculture, which cannot be seen in polyculture. There is also a 
high percentage of estimated eggs in both mono- and polyculture of Tisbe sp. 
 
Food consumption  
Each day during the experiment, the algae concentration in each bottle of the cultures was measured 
to determine whether the copepods needed to be fed or not. It should be noted that the algae added to 
treatments reflects the food consumption of the copepods but may also be affected by other factors 
such as algae clumping, growth and decomposition. 
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 Figure 9. This figure shows the mean amount of R. salina (in cells) that was added to the copepod treatments in regards 
to experimental hours. The blue dots represent the mean of A. tonsa of the monoculture, red dots are the mean Tisbe sp. 
of the monoculture and orange dots are the mean of the polyculture. The blue and red lines represent the moving average 
for A. tonsa and Tisbe sp. of the monocultures respectively. The orange line represents the moving average for the poly-
culture. 
In figure 9 the mean algae added to treatments is highest for A. tonsa for the monoculture, until around 
experimental day number 20 (477 hours), where it decreases until day 25 (600 hours) and then begins 
to increase again. The food consumption for Tisbe sp. monoculture is at its lowest during the first 22 
days (528 hours) of the experiment, and afterwards it fluctuates until the end of the experiment. The 
polyculture food consumption is at its lowest the first 10 days (240 hours) of the experiment, after 
which it increases. 
The data containing number of copepods for each subsample, processed through upscaling, calculat-
ing the mean and correcting for sampling mortality can be found in appendix B, and the graphs for 
each treatment, which were used to calculate the K-values, can be found in appendix C. Other addi-
tional results from measurements of oxygen and pH can be found in the appendix D. 
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Discussion  
The aim of the present study was to find what effect the two copepod species A. tonsa and Tisbe sp. 
have on each other when kept in polyculture. Monoculture growth curves were used as comparison 
for the growth curves of the polyculture.  
 
The monocultures exhibited a strong, almost exponential increase in population size in the first 10 
days of the experiment. The resulting peaks in density at day 18 for A. tonsa and day 9 for Tisbe sp. 
are also observed in similar experiments working with Acartia sp. and Tisbe biminiensis (Ribeiro & 
Souza-Santos, 2011; Schipp et al., 1999). After the peak, a population crash is observed in both pop-
ulations after which an oscillation around the carrying capacity occurs. This is also observed in other 
studies on copepod populations (Lee et al., 2013; Ribeiro & Souza-Santos, 2011; VanderLugt & Lenz, 
2008). The found carrying capacities are not comparable with other studies because of the variation 
in volume of treatment containers. This is why density (ind L-1) is a better measurement for compar-
ison. The densities of A. tonsa and Tisbe sp. at their carrying capacities are 2.34 ind. mL-1  and  0.18 
ind. mL-1 respectively. The density for A. tonsa is lower than the observed density at 4 ind. mL-1 in 
Drillet et al. (2006). Our Tisbe sp. monoculture had lower density compared to another study on a 
benthic Tisbe biminiensis, which achieved 30 ind. mL-1 (Ribeiro & Souza-Santos, 2011). The reason 
why the density at the carrying capacity is at the given value for A. tonsa monoculture, which has 
abundant availability of food, might be that the culture’s fitness is reduced by crowding (Gergs, et 
al., 2014), which suggests density dependent intraspecific population regulation. For Tisbe sp. the 
same can be true, but as seen the density is not close to what the experiments mentioned above have 
established. This might be due to less availability of food in present study which will be discussed 
later. The Tisbe sp. monoculture growth rate of ≈0.3 day-1 is very similar to the growth rate of 0.35 
day-1 and 0.49 day-1 observed by Pinto et al. (2001) and fits with the 0.33 day-1 found by Souza-Santos 
et al. (2006) although the same author experienced a lower growth rate (0.11 day-1) in a different 
experimental setup (Ribeiro & Souza-Santos, 2011). 
 
When comparing the monoculture growth curves of A. tonsa and Tisbe sp., it can be seen from figure 
3 (page 23) and figure 4 (page 24), that A. tonsa peaks after 18 days whereas Tisbe sp. peaks after 
only 9 days as mentioned earlier. This earlier peak may be attributed to the short generation time 
(12.2 days) of Tisbe sp.  (Ribeiro & Souza-Santos, 2011; Pinto et al., 2001) and other early peaks 
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have been noted like in the thesis of Vanderlugt et al. (2007). Despite the later peak in A. tonsa com-
pared to Tisbe sp., this peak reaches a higher density than Tisbe sp. The early peak of Tisbe sp. could 
be due to Tisbe females carrying egg sacs from the beginning of the experiment (Guerin, 2001). The 
low stabilized density around the carrying capacity compared to the first peak of the growth curve in 
the Tisbe sp. treatment is also observed by (Ribeiro & Souza-Santos, 2011) and has been suggested 
to be due to chemical population control by harpacticoid copepods at high densities (Fava & Crotti, 
1979). It could also be due to intraspecific competition (Smith & Smith. 2012) or predation on juve-
niles by the adults (Boersma, 2013; Gallucci & Olafsson, 2007). The oscillations, most pronounced 
in figure 3 (page 23), could be due to generation time lags (Krebs, 2009). 
 
From figure 5 (page 25) it can be seen that the presence of Tisbe sp. has an effect on the population 
growth pattern of A. tonsa. The delayed growth in the polyculture might result from a difference in 
initial number of individuals (160 in monoculture 80 in polyculture) which VanderLugt & Lenz 
(2008) also observed when starting with different densities of copepods. Otherwise, the shape of the 
growth pattern is similar in both treatments (figure 7, page 28). The difference in carrying capacity 
from the two monocultures to polyculture (table 1, page 26) is not significant (p = 0.096). The sheer 
difference in the carrying capacity for A. tonsa (K being 2,292 ind. less in polyculture), however, 
suggests that the presence of Tisbe sp. affects the A. tonsa culture negatively. Such negative effects 
have also been observed in other studies of polycultured copepods (Lee et al., 2013). Since the ex-
perimental method should rule out any competition for food this could be explained by crowding 
stress (Gergs et al., 2014) as well as possible predation by Tisbe sp. on the eggs and early nauplii 
stages of A. tonsa (Gallucci & Olafsson 2007). In general, Tisbe feeds on a varied diet and harpacti-
coid copepods have been observed to display cannibalistic behavior to supply diets that lack a variety 
of nutrients such as monoculture algae (Ban et al., 1997; Gallucci & Olafsson, 2007; Lazzaretto & 
Salvato, 1992). The α-value of 3.069, which Gause (1932) explains as a large effect, supports the 
theory of predation as it indicates that Tisbe sp. has a strong negative effect on A. tonsa (Gause, 1932), 
compared to the opposite scenario. Lower recruitment in the A. tonsa polyculture due to predation or 
competing species interaction could also explain the significantly (p = 0.041) smaller growth rate of 
the polyculture compared to the monoculture (Smith & Smith, 2012). The percentage of juveniles in 
the final count of the polyculture was higher than in the monoculture, which according to Lee et al. 
(2013) also suggests predatory (cannibalistic) behavior. On the other hand when investigating the 
final count for all the treatments it was found that the density did not differ significantly (p = 0.80) 
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between monoculture of A. tonsa (1,117 ind. L-1) to the density in the polyculture (1,210 ind. L-1). As 
cannibalism is encouraged by high densities, the reduced growth rate, reduced carrying capacity and 
high α could very well be caused by competition for space (Camus & Zeng, 2009; Gallucci & 
Olafsson, 2007). 
 
From the interspecific competition coefficients it is seen that Tisbe sp. has a strong negative effect on 
A. tonsa (Gause, 1932), while A. tonsa’s effect is positive on Tisbe sp. This could ultimately drive the 
A. tonsa culture to elimination or keep A. tonsa at lowered densities (Krebs, 2009). Since environ-
mental factors and the relative carrying capacities of the two species also have an influence on the 
possibility to coexist, elimination is not observed (Smith & Smith, 2012). The comparison of α- and 
β-values to other competition studies is hard since this does not seem to be the subject of recent 
research (Anderson & Whiteman, 2015; Lee et al., 2013). In the present study, as noted before we 
did not observe both species to have a negative effect on each other as it would be expected from 
resource competition (Krebs, 2009). When two species interact and one species benefits while the 
other is negatively affected, Smith & Smith (2012) would categorize this interaction as predation. It 
could be argued that the β-value is relatively close to zero in which case the interaction would be a 
case of amensalism with only A. tonsa being affected negatively.  
 
The difference from modeled treatment population growth and actual observed data with living spec-
imens is apparent from the comparisons of figure 3-5 (page 23-25) with figure 6 (page 27). The model 
for logistic growth does not take all factors affecting growth into account, for example life history 
traits (Fava & Fusari, 1990) such as delayed hatching (Drillet et al., 2011b) which can produce oscil-
lations in growth curves (Smith & Smith, 2012). The natural variations that differ from the modeled 
growth curves can provide valuable details to how a culture is actually developing under certain con-
ditions and when a large portion of a population reaches adult stages (Lee et al., 2013).     
 
The constant rotation of the treatments used in this experiment aimed at keeping the algae suspended 
in the water column, which meant that the algae did not settle much on the surface and might have 
been easier accessible to A. tonsa than to the Tisbe sp. (Støttrup & Norsker, 1997). These unfavorable 
circumstances might be changed by the presence of A. tonsa. When examining A. tonsa’s effect on 
Tisbe sp. it is found that it is positively manifested by the negative β-value -0.09 for this interaction. 
This means that the more individuals of A. tonsa that are present the more the conditions for Tisbe 
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sp. are improved (Gause, 1932; Smith & Smith, 2012). Each individual of A. tonsa in the polyculture 
produces debris such as excretions and residues from molting (Gallucci & Olafsson, 2007; Hada & 
Uye, 1991). Due to Tisbe sp.’s broad feeding strategies (Johnson & Olson, 1948; Riebeiro & Souza-
Santos, 2011), the debris could enhance their feeding efficiency by expanding the amount of substrate 
for Tispe sp. to find food on. The difference between carrying capacities in mono- and polyculture 
for Tisbe sp. could support the prior argument, although the difference is not significant (p = 0.096). 
Despite this apparent increased availability of food items in the polyculture, this does not change the 
growth rate for Tisbe sp. significantly (p = 0.824).  
 
The results show that the population development of Tisbe sp. and A. tonsa in monocultures differ 
both in terms of growth rates and carrying capacity (table 2 page 26). This is expected since we are 
investigating two different species from different genera that also differ in natural habitat (Kotwicki, 
2002; Mauchline, 1998). Statistically the difference is significant in carrying capacity (p = 0.007) and 
growth rate (p = 0.03). A reason for this difference could be that the area of the treatment bottles’ 
inner surface does not correspond to the much larger volume, therefore the experimental setup might 
have favored the pelagic A. tonsa (Støttrup & Norsker, 1997). Lee et al. (2013) observed similar 
differences in carrying capacity between pelagic and benthic copepod species. This would lead to a 
limited area for the benthic species to feed and live compared to the space the pelagic species has 
(Drillet et al., 2011a). 
 
The variance seen in figure 3, 4, 5, 7 and 8 is in some samples very large as seen by the large error 
bars, but in most samples the standard deviations are not high. Even though the experiment was done 
in triplicates and all replicas and treatments were handled exactly alike some variance was encoun-
tered. This heterogeneity in the samples came unexpected, though is normal when compared to other 
copepod studies (Lee et al., 2013; Ribeiro & Souza-Santos, 2011; VanderLugt & Lenz, 2008).   
 
When investigating the final count, the results in table 4 (page 30) suggest that the method of sampling 
resulted in variance in both mono- and polyculture between estimated results from the sampling and 
the actual number of individuals. A. tonsa was overrepresented in the sample compared to Tisbe sp., 
which was underrepresented, because the former species is pelagic and is present in the water column 
while the latter, being benthic, sticks to the sides of the container and does not enter the water column 
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as much despite shaking (Drillet et al., 2011a; Kotwicki, 2002; Mauchline, 1998). The design could 
be improved to make the subsampling more accurate. 
 
The development potential the population had at the time of the experiment’s termination can be 
evaluated by looking at the percentage distribution of the life stages (table 5, page 31). The two A. 
tonsa treatments, for example, have a lower percentage of juveniles compared to the number of adults 
and eggs. This could suggest potential for population growth assuming the eggs would hatch. This, 
however is not necessarily the case since hatching success has been found to be variable, lying any-
where between 60–95 % according to different studies (Camus & Zeng, 2009; Hansen et al., 2009). 
This could mean anywhere between 3,793 and 6,005 nauplii hatched from the 6,321 eggs in mono-
culture, giving a widely varied potential for population development. In polyculture this would result 
in between 4,821 and 7,633 nauplii hatched also giving a varied potential of the treatment population. 
The Tisbe sp. had a higher amount of juveniles compared to adults in monoculture. This, together 
with the high percentage of eggs could suggest that the population has potential for future develope-
ment. This difference is much less pronounced in polyculture, with nearly as many adults as there are 
juveniles, however the amount of eggs here is even higher, and the population also has room for 
growth. Johnson & Olson (1948) propose an average number of eggs per egg sac (42.9 eggs sac-1) 
which is used to estimate the amount of eggs of our Tisbe sp. from the final count and for calculating 
the percentage distribution. The estimated amount of eggs in the Tisbe sp. treatments were 3,217 eggs 
in the monoculture and 16,688 eggs in polyculture. With a hatching success of 80% (Johnson & 
Olson, 1948) this yields a hypothetical population potential of 2,573 nauplii in the monoculture and 
13,350 nauplii in the polyculture. This implies that the population potential of Tisbe sp. is greater 
than the population potential in A. tonsa in the polyculture. In monoculture the population potential 
is greater for A. tonsa compared to Tisbe sp. This could be due to increased sensitivity to cannibalism 
because when A. tonsa release their eggs in the water column, the eggs would normally sink to the 
bottom (Mauchline, 1998). These eggs could potentially be more sensitive to cannibalism compared 
the eggs of Tisbe sp., as their eggs are carried by the adult females and cannibalism should not affect 
them until hatching (Johnson & Olson, 1948).  
 
Around 24 days (576 hours) into the experiment, oxygen levels in the bottles were observed to be 
low and was especially low in treatments containing A. tonsa (appendix D). Before the oxygen drop, 
an overshoot of the A. tonsa monoculture was observed, which could have caused the lack of oxygen 
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by consumption of a large portion of the algae by the copepods. This can also be seen in figure 9 
(page 32), where they are observed to consume more algae than any of the other treatments. A low 
concentration of algae could possibly have reduced the rate of photosynthesis and causing the system 
to be unable to meet its oxygen demand. The oxygen drop was accompanied by a small decrease in 
pH (appendix D), which might have been caused by high respiration as the high density of A. tonsa 
released more carbon dioxide. At the observed oxygen level the mortality of A. tonsa should not 
increase and A. tonsa monoculture do not seem to be severely affected, but egg production may have 
been reduced (Marcus et al., 2004). The debris present in the A. tonsa treatments due to molting and 
excretion could also have contributed to the oxygen drop through microbial respiration (Diaz & Ros-
enberg, 2008). A smaller oxygen drop was observed in the Tisbe sp. monoculture compared to the 
oxygen drop in A. tonsa monoculture (appendix D). The Tisbe sp. monoculture was generally less 
dense than the other cultures and might have respired less resulting in a smaller oxygen drop. One of 
the Tisbe sp. treatments was found nearly empty at the final count, however there is no evidence that 
this was caused by oxygen depletion (appendix C, bottle 1).  
 
The mean food consumption for A. tonsa in monocultures is proportionate to the mean population 
size (figure 3 & 9, page 23 & 32). The food consumption of A. tonsa stabilizes after day 25 (576 
hours), suggesting oscillation around the system’s carrying capacity. In Tisbe sp. monoculture there 
was a relatively low algae consumption until day 22 (528 hours), despite the fact that a peak in the 
copepod density was observed in that time period. In this time the algae reproduced fast enough to 
sustain the minimum of 20,000 cells mL-1. The food consumption for Tisbe sp. started to increase 
when the mean population size was decreasing. The food consumption for A. tonsa and Tisbe sp. in 
polyculture followed the increase in mean population size after around 10 days later which it de-
creases together with the population. From the final count it was observed that A. tonsa had consumed 
the most algae through the entire experimental period per individual counted at the end (1,682 cells 
ind.-1) in the entire course of the experiment compared to Tisbe sp. (1,310 cells ind.-1). Because the 
exact distribution of the consumption between the two species in the polycultures is not known, these 
were added together yielding 1,208 cells ind.-1. They therefore had the best food efficiency and keep-
ing the copepods in polycultures may reduce needed food input. 
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Conclusion  
The comparisons of K- and r-values combined with the α- and β-values support our initial hypothesis, 
which was that the Tisbe sp. has an effect on A. tonsa, which in this case turned out to be negative. 
This is underlined by the significant difference between the growth rates in mono- and polycultures 
of A. tonsa, which were decreased in presence of Tisbe sp. The growth rate of Tisbe sp. was not 
significantly changed by the presence of A. tonsa. 
The difference in carrying capacities for both species was not significant but it is argued that there is 
an interspecific effect observed in the changing carrying capacities: reduced in A. tonsa and increased 
in Tisbe sp. The interspecific competition coefficients α (3.069) and β (-0.019) show that the two 
species have opposite effects on each other; Tisbe sp. has a negative effect on A. tonsa and A. tonsa 
has a positive effect on Tisbe sp. This result points away from competition and towards predation. 
The above findings suggest that the A. tonsa population is suppressed by the presence of Tisbe sp., 
which in turn is benefitting from the presence of A. tonsa. This implies that Tisbe sp. exhibits canni-
balistic behavior towards the eggs and nauplii of A. tonsa.  
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Appendix A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. A. tonsa of unknown gender.  Figure 11. On the left: male Tisbe sp. On the right: 
female Tisbe sp. with egg sac. 
 
 
The pictures was taken with Olympus SZ61 Zoom Stereo Microscope, using the program Cell^D.  
 
  
Page 48 of 53 
 
Appendix B 
Table 6. The mean integer number of extrapolated ind. botlle-1 after applying the sampling mortality.  
 Monocultures Polycultures 
Time (hours) A. tonsa (ind.) Tisbe sp. (ind.) A. tonsa (ind.) Tisbe sp. (ind.) 
0 160 160 80 80 
120 889 80 161 0 
144 1,704 892 730 243 
216,75 3,749 2,771 1,874 407 
288,5 5,401 2,127 2,537 491 
334,5 5,506 164 3,698 986 
384 6,601 1,815 4,208 1,155 
430,5 7,871 1,242 4,723 2,237 
477 6,074 998 5,491 998 
528 5,430 919 4,261 1,587 
573 4,110 83 3,188 1,342 
626 4,970 252 5,560 673 
668 5,498 84 3,468 422 
721 7,899 424 6,965 509 
792,5 6,823 255 2,985 682 
836,5 13,874 428 4,796 1,199 
886 7,761 344 4,214 860 
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Appendix C 
 
 
 
 
 
 
 
 
 
 
Figure 10-12. The three figures each show the treatment population size of Tisbe sp. in the monocul-
tures replicates in regards to the time from the experiments start (blue dots). The punctured blue lines 
are the calculated carrying capacity, K for Tisbe sp. To calculate r from these graphs we used the 
exponential phase of the graph. 
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Figure 13-15. The three figures each show the treatment population size of A. tonsa in the monocul-
tures replicates in regards to the time from the experiments start (blue dots). The punctured blue lines 
are the calculated carrying capacity, K for A. tonsa. To calculate r from these graphs we used the 
exponential phase of the graph. 
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Figure 16-18. The three figures each show the treatment population size of Tisbe sp. in the polyculture 
replicates in regards to the time from the experiments start (blue dots). The punctured blue lines are 
the calculated carrying capacity, K for Tisbe sp. To calculate r from these graphs we used the expo-
nential phase of the graph. 
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Figure 19-21. The three figures each show the treatment population size of A. tonsa in the polyculture 
replicates in regards to the time from the experiments start (blue dots). The punctured blue lines are 
the calculated carrying capacity, K for A. tonsa. To calculate r from these graphs we used the expo-
nential phase of the graph. 
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Appendix D 
Table 7. Oxygen measurements of the nine bottles of mono- and polycultures of A. tonsa and Tisbe 
sp. during the experiment  
 
 
Table 8. pH measurements of the nine bottles of mono- and polycultures of A. tonsa and Tisbe sp. 
during the experiment. 
 
Oxygen 
Exp. 
day 
A. tonsa 1 A. tonsa 2 A. tonsa 3 Tisbe sp. 1 Tisbe sp. 2 Tisbe sp. 3 Poly 1 Poly 2 Poly 3 
Conc. 
[mg/L] 
Sat. 
[%] 
Conc. 
[mg/L] 
Sat. 
[%] 
Conc. 
[mg/L] 
Sat. 
[%] 
Conc. 
[mg/L] 
Sat. 
[%] 
Conc. 
[mg/L] 
Sat. 
[%] 
Conc. 
[mg/L] 
Sat. 
[%] 
Conc. 
[mg/L] 
Sat. 
[%] 
Conc. 
[mg/L] 
Sat. 
[%] 
Conc. 
[mg/L] 
Sat. 
[%] 
day 
8 
9.0 109 8.5 103 8.7 105 9.8 114 9.7 117 10.1 122 8.3 103 9.4 114 9.0 109 
day 
24 
1.8 23 3.2 38 1.9 24 6.1 76 7.0 87 7.4 92 3.5 42 3.9 47 5.1 62 
day 
26 
3.1 38 1.7 21 2.7 33 7.2 86 7.1 86 6.6 80 1.7 21 2.1 25 1.8 22 
day 
29 
3.0 37 2.5 31 5.0 62 6.5 79 6.3 77 6.6 80 3.7 45 2.3 28 3.2 40 
day 
37 
5.9 73 13.7 171 7.0 88 9.2 115 8.1 102 8.0 100 4.5 58 4.7 60 6.7 90 
pH 
Exp. day  Tonsa 1 Tonsa 2 Tonsa 3 Tisbe 1 Tisbe 2 Tisbe 3 Mix 1 Mix 2 Mix 3 
pH pH pH pH pH pH pH pH pH 
day 8 8.52 8.42 8.53 8.57 8.68 8.71 8.51 8.58 8.33 
day 29 7.85 7.63 8.17 8.41 8.51 8.53 8 8.08 8.14 
day 37 7.72 8.30 8.03 8.60 8.57 8.51 7.57 7.76 8.0 
